An important consequence of self-compatibility in plants is that self-pollination can have deleterious effects on plant fitness due to inbreeding. We conducted a hand pollination experiment under field conditions to measure the magnitude of inbreeding depression associated with self-pollination in the rare western prairie fringed-orchid Platanthera praeclara Sheviak and Bowles. By comparing capsules and seeds resulting from cross versus self-pollination treatments, we determined that self-pollination reduces seed quality while having no detectable effect on capsule production or seed numbers. A smaller percentage of seeds resulting from self-pollination contained an embryo (18%) relative to seeds from cross-pollination (46%). Seeds that had an embryo were scored for the size of the embryo, small or large. A smaller proportion of seeds from self-pollination contained a large embryo (75%) relative to seeds from cross-pollination (92%).
predictions regarding the consequences of increasing rarity, particularly for those species in which habitat loss and fragmentation contribute to decreases in population size over time (Brook et al. 2002; Garnier et al. 2012) . For small and declining populations, one potential risk to long-term population viability is an increase in the probability of inbreeding (Gilpin and Soule 1986; Menges 1991) .
Smaller populations of plants are at greater risk of inbreeding relative to large populations because, in situations of limited seed or pollen dispersal, mating among relatives (biparental inbreeding) is more likely (Ellstrand and Elam 1993) .
Inbreeding can also result from self-pollination in those plant species that do not have mechanisms for preventing self-fertilization. Inbreeding in turn can have greater effects on small populations by more rapidly reducing heterozygosity, decreasing genetic diversity and limiting potential long-term viability under changing conditions (Barrett et al. 1991) . Inbreeding could also lead to reduced fitness of individuals through increased expression of recessive deleterious alleles (Charlesworth and Charlesworth 1987; Charlesworth and Willis 2009 ).
Fitness consequences of inbreeding through self-pollination and bi-parental inbreeding have been predicted to contribute to population declines and "extinction vortices" whereby rare species reach a point of no return on the path to extinction (Gilpin and Soule 1986) .
We compared the fitness consequences of self-and cross-pollination in a rare orchid species to better understand the extent to which inbreeding is contributing to the decline of this species. The western prairie fringed orchid Dakota, another in northwestern Minnesota, and the third in southern Manitoba.
As in many orchids, recruitment in P. praeclara is very likely limited by environmental conditions (e.g. hydrology, soil nutrition, mycorrhizal community composition) for establishment (Currah et al. 1990; Sharma et al. 2003a, b; Bleho et al. 2015) . Loss of habitat has occurred because of agricultural development of the native range of the species during the past 150 years.
Many orchid species rely on pollinators for sexual reproduction (Bernhardt and Edens-Meier 2010). Autogamy is not common among plants in this family but Catling (1990) has suggested that between 5% and 20% of orchid species may have evolved autogamy. Self-incompatibility is also not common in orchids (Tremblay et al. 2005) suggesting that self-pollination by geitonogamy, where pollen is transferred between flowers on an individual plant, can account for a proportion of the seeds produced by most orchids. A review of 69 studies indicated that on average there was a 21% decrease in seed set associated with D r a f t 5 self-pollination relative to outcross pollination and that evidence of inbreeding depression in seeds was particularly acute in outcrossing species (Tremblay et al. 2005) . Hawkmoths have been observed transferring pollen both between plants and within plants (Johnson et al. 2005 (Johnson et al. , 2009 Xiong et al 2015) . Thus, geitenogamy may be a source of negative effects on fitness through inbreeding depression.
Platanthera praeclara was originally described by Sheviak and Bowles (1986) as a hawkmoth-pollinated plant with an inflorescence that produces between one and 24 hermaphroditic and self-compatible flowers ( Figure 1 ). were examined in this study resulted from self or cross-pollination.
Our goals were to: 1) determine the influence of self-versus crosspollination on the number of seeds produced by hand-pollinated flowers and their viability, as measured by presence and size of embryos, 2) determine whether seed capsule size differs between self-pollinated and cross-pollinated fruits, and
3) compare levels of P. praeclara inbreeding depression to other related orchids.
The hand pollination experiments were conducted on private land, with the permission of the landowner.
Methods

Hand-pollination experiment
We collected data on field-grown plants in natural populations located at two sites in Ransom County, North Dakota over the course of two summers (2011 and 2012) . Experimental plants were in typical P. praeclara habitat: grassy swales with standing water at the lowest points (Sheviak and Bowles 1986) . Soils in these regions are sandy and the surrounding plant community is tallgrass prairie. Identifying characteristics of research sites, including Global Positioning coordinates, cannot be published due to the threats from poachers of rare
orchids. All field sites used in this study have never been plowed, but have been grazed and/or hayed for at least the last ten years.
In the summer of 2011, we located P. praeclara plants during the bud Several days later, when all three flowers on experimental plants had
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D r a f t opened (they were covered with tule bags after labelling), we collected mature pollinaria from randomly selected non-experimental plants from each of the two populations. Pollinaria were individually placed in labeled microcentrifuge tubes and kept in a cooler. For each experimental plant, the mesh bag was removed from the inflorescence. The cross-pollination treatment was accomplished by removing a single pollinarium from a microcentrifuge tube of the alternate population (North or South) and smearing the pollinarium across the focal stigma until it was visibly covered with yellow pollen. Self-pollinations were accomplished by removing a pollinarium from the same flower and applying its pollen to the stigma of the same flower. For the unpollinated treatment, no pollen was applied to the stigma.
Ten days after pollination treatments were applied, we measured the diameter and length of ovaries from all experimental flowers using a hand-held caliper (0-150 mm digital caliper, Maryland Metrics Electronic Digital Caliper, Owings Mills, MD). Since cattle had been introduced into the areas where experimental plants were located we set up exclosures to protect experimental plants. However, our efforts to protect our experimental plants were restricted by the limited availability of livestock panels (1.22m X 1.22m X 1.22m). As a result, cattle subsequently destroyed many of the experimental plants.
Mature capsules were collected from the field as they began to turn brown. We placed each capsule in a labeled shell vial (25 X 80 mm) that was closed with a plastic snap-on lid. In the laboratory, the plastic lid was replaced with another that had a mesh insert, which allowed moisture to escape. Capsules D r a f t were kept in the laboratory at room temperature for 2-3 weeks. We then measured: 1) the mass of each fruit, and 2) the mass of the fruit with its seeds removed, in order to calculate 3) the mass of the fruit's total seeds. A sub-sample of seeds from each self and outcross fruit was taken for a determination of mass.
Prior to sampling the fruits were agitated by hand to mix their contents. A haphazardly determined volume of seeds was removed from each fruit with a paintbrush and placed on a microscope slide where they were counted (range = 88 to 218 seeds, average = 112.5 seeds per capsule). The subsample was then weighed to extrapolate the number of seeds per capsule. The seed coat of P.
praeclara is transparent ( Figure A1 ). Each seed in the sub-sample was examined we were not able to estimate total seed number or average mass per seed.
Statistical analyses
Statistical analyses were performed using the program R, version 2.13.2 (R Development Core Team, 2010). Each plant was treated as a block to control for genetic and maternal effects. Prior to statistical analysis, we tested for differences between years in dependent variables collected in both years using ANOVA. None of the seed or fruit variables had a significant year effect so we pooled the data from 2011 and 2012 with the exception of total number of seeds and mass of individual seeds since these variables were only measured in 2011.
The index of inbreeding depression (δ) was calculated for each variable as the difference between self and outcross treatments divided by the outcross value (Charlesworth and Charlesworth 1987) . In order to examine relationships between capsule and seed characteristics, we conducted a correlation analysis on data from the self and cross-pollination treatments separately, analyzing the relationship between total seed mass, the proportion of seeds per capsule with D r a f t embryos, and capsule diameter or length. We used paired t-tests to compare treatment effects while controlling for among-plant variation. Data from plants without both self and outcross capsules were excluded from the analysis.
Results
Ovaries of flowers that did not receive pollen failed to increase in length or diameter over the course of the growing season (Table 1 ). In contrast, ovaries of flowers that were hand-pollinated with either self or outcross pollen grew, as measured by diameter and length. Average final diameter of capsules was not different for self-and cross-treatments (4.6 + 0.2 and 4.4 + 0.1, respectively).
There was also no difference between the two treatments in mean capsule length (Table 1) .
Seed production differed across the three pollination treatments. Flowers assigned to the unpollinated treatment failed to produce an enlarged capsule or any seeds (Figure 2 , Table 1 ). The self-and cross-treatments produced both a capsule and a large number of seeds, estimated to range from 5,700 to 36,500 seeds per capsule (Figure 2 ). There was no difference in estimated seed number per capsule between the self-and cross-treatments (Figure 2, t=0. 
25, p>0.05).
A smaller percentage of seeds (t=1.2, p<0.001*) resulting from self-pollination contained an embryo (18%) relative to seeds from cross-pollination (46%, Figure   3A ). A smaller proportion of seeds from self-pollination contained a large embryo (75%) relative to seeds from cross-pollination (92%) ( Figure 3B ; t=1.4; p<0.001).
Total seed mass (t= 1.1, p<0.001*) and estimated mass per seed (t=0.45, D r a f t 13 p<0.001*) for the self-treatment were 36 and 38% lower than those of the crosstreatment (Table 1) .
Pollination treatment influenced relationships between measures of capsules and seeds. Capsule diameter was positively correlated with seed mass for both self and cross-pollinated flowers (Table 2, Figure 4 ) but was positively correlated with the proportion of seeds with embryos only for the cross-treatment (Table 2 ). Seed mass was positively correlated with the proportion of seeds with embryos for the cross-but not the self-treatment (Table 2) . Capsule length showed no relationship to the other three measures (Table 2) 
F=41.4, p<0.001).
Discussion
Consequences of self-versus cross-pollination
The results of the experiment lead us to conclude that outcrossing has a major impact on the quality of P. praeclara seeds. Although the production of capsules was independent of pollen source, the content of those capsules depended strongly on whether plants were self-pollinated or outcrossed On average, outcrossing produced a greater percentage of seeds having an embryo, as well as a greater proportion of seeds having a larger embryo (Table 1 have across a range of larger populations. However, inbreeding levels tend to go down in larger populations of P. praeclara (Ross and Travers 2015) . In these populations where inbreeding is relatively rare it may be that the effects of on fitness are even greater.
Platanthera praeclara is a federally threatened species in both the United
States and Canada. Monitoring the genetic health of populations is essential.
Given that individual plant fitness is strongly influenced by outcrossing, we had hoped to find a non-destructive morphological measurement of seed capsules that would allow land managers to estimate of the incidence of outcross versus self-pollination on a per flower and per plant basis. Heretofore, the assumption has been that all capsules achieving a minimum diameter of 3 mm have produced viable seeds. We discovered that the rate of capsule development and final measures of size (diameter, length or relationships between diameter and length) did not differ between self-and cross-pollination treatments (Table 1) .
Thus, we failed to identify a non-destructive method for land managers to assess the proportion of seed capsules that contain less viable seeds due to selfpollination rather than cross-pollination.
Pollinator behavior and self-pollination
Platanthera praeclara is dependent on pollinators for sexual reproduction. Sheviak and Bowles (1986) proposed that P. praeclara has a mixed mating system in spite of being adapted to promote outcrossing, evidence being an Fox et al. 2015) . It was proposed that the uneven distribution of rewards across the inflorescence is an adaptation for promoting outcrossing.
Population genetic studies of both the western (Ross and Travers 2015;  Tennefos unpublished data) and the eastern prairie fringed orchid (Paul, Budd and Freeland 2013 ) support the conclusion that inbreeding is common in these species. Analyses of population patterns of molecular markers in both species found relatively high degrees of homozygosity regardless of population size (P. Outbreeding depression is a concern in a species with the potential for long distance pollen dispersal by hawkmoths. However, outbreeding depression does not seem likely given the evidence we have from genetic studies. Analyses of genetic structure among populations (Ross and Travers 2015) up to 200 km apart found relatively low levels of divergence (Gst = 0.08). Previous studies found similar results (Sharma 2002; Pleasants and Klier 1995) . In the absence of evidence for ecotypic differentiation among even these distant populations, we predict that inbreeding depression is more important than outbreeding depression in this species.
Overall, the results of this study suggest that a potential limitation on the population growth of this rare species is limited cross-pollination and production of viable seeds. Self-pollination undoubtedly occurs and potentially at high rates.
In addition, it is likely that many flowers are not sufficiently pollinated (transfer of fewer pollen grains than ovules in ovary) with outcross pollen. However, low production of viable seeds represents an additional restriction on population
growth through the limits it creates for adding new and genetically-varied recruits. 
